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We experimentally demonstrate, for the first time, noise diagnostics by repeated quantum mea-
surements. Specifically, we establish the ability of a single photon, subjected to random polarisation
noise, to diagnose non-Markovian temporal correlations of such a noise process. In the frequency
domain, these noise correlations correspond to colored noise spectra, as opposed to the ones related
to Markovian, white noise. Both the noise spectrum and its corresponding temporal correlations
are diagnosed by probing the photon by means of frequent, (partially-)selective polarisation mea-
surements. Our main result is the experimental demonstration that noise with positive temporal
correlations corresponds to our single photon undergoing a dynamical regime enabled by the quan-
tum Zeno effect (QZE), while noise characterized by negative (anti-) correlations corresponds to
regimes associated with the anti-Zeno effect (AZE). This demonstration opens the way to a new
kind of noise spectroscopy based on QZE and AZE in photon (or other single-particle) state probing.
I. INTRODUCTION
Quantum control [1–3] is a fundamental tool for the de-
velopment of highly accurate quantum technologies. In
particular, the quantum Zeno (QZE) [4–7] and anti-Zeno
(AZE) [8] effects, respectively denoting the slowdown and
speedup of quantum-system evolution by its frequent in-
terruptions [9–17], have been recognised (beyond their
fundamental significance) to represent general paradigms
of quantum control [18–24]. Indeed, they allow to either
protect [25] or steer the quantum state of a system via
an interplay between the effects of frequent operations
(system control) and the coupling of the system to its
environment (a bath) [23, 24, 26–29].
The generality of these paradigms is revealed by the
Kofman-Kurizki (KK) universal formula, whereby the
overlap of the system-bath coupling spectrum with the
system-control spectrum determines the decay (relax-






In Eq. (1) G(ω) is the spectrum of the system-bath cou-
pling (bath-response) and Ft(ω) the system control spec-
trum evaluated within the time interval [0, t]. Accord-
ing to Eq. (1), the QZE corresponds to the suppression
of the bath-induced decay γ(t) by the reduction of the
overlap between the chosen Ft(ω) and the bath response
G(ω), whereas the AZE corresponds to the enhancement
of γ(t) by increasing this overlap [8, 23, 24]. This means
that the time-variation of the system control must be
much faster than (in the QZE case) or as fast as (in the
AZE case) the bath correlation time, with the result that
both effects are distinctly non-Markovian. Overall, the
only condition on the validity of Eq. (1) is the weakness
of the system-bath coupling, allowing for a perturbative
treatment of the bath effects.
The KK formula has been confirmed, theoretically and
experimentally, in scenarios involving frequent perturba-
tions of open-system evolution, such as the dynamics of
cold atoms in optical lattices [9, 23], the trapping of Bose-
Einstein condensates [31–33], light propagation in waveg-
uides [34, 35] and cavities [7, 34, 35], AZE-cooling and
QZE-heating of qubits coupled to a bath [36–39]. More-
over, Eq. (1) can be used for designing optimal protec-
tion of multi-qubit quantum information processing [40]
or transfer mechanisms [41].
In this paper, we study both theoretically and ex-
perimentally an alternative purpose of the KK formula,
i.e. the diagnostics (characterization) of random pro-
cesses, alias noise spectroscopy [42]. One may infer the
bath-response spectrum G(ω) upon varying the control
spectrum Ft(ω) and recording the resulting decoherence
rate, as it has already been experimentally confirmed in
[43, 44]. This, however, is a time-consuming process. Al-
ternatively, key information on the bath-response spec-
trum, such as its width (the inverse memory time), may
be gathered by appropriate dynamical control of the sys-
tem that probes the bath [42]. This represents an in-
novative and powerful tool that we introduce to expand
quantum sensing technology. Although, in this context,
the QZE has been previously used both experimentally
and theoretically [45, 46] as a means of assisting noise
sensing, here we demonstrate its ability to serve as a
























has not been investigated as yet and is of high relevance
to quantum technologies.
More specifically, we experimentally demonstrate, for
the first time, noise diagnostics by repeated quantum
measurements. In particular, we establish the ability
of a single photon, undergoing random polarisation fluc-
tuations, to diagnose non-Markovian temporal correla-
tions within this noise. In the frequency domain, Marko-
vian and non-Markovian noise correlations correspond,
respectively, to white and colored noise spectra. We show
that the noise spectrum, as well as its underlying tem-
poral correlations, is diagnosed when the photon is fre-
quently probed by polarisation measurements. The main
purpose of this work is the experimental demonstration
that a noise characterized by positive (negative) time-
correlations gives rise to QZE (AZE). This result paves
the way to a new generation of noise spectroscopy proto-
cols based on QZE and AZE in photon (or other single-
particle) state probing.
II. THEORETICAL MODEL
Let us consider a single photon that, initialized in
the horizontally-polarised state |H〉, passes through a se-
quence of N blocks at time instants t1, . . . , tN .
FIG. 1. Scheme of the k-th element in a sequence of N blocks
determining the quantum state evolution of the photon pass-
ing through them. First, the polarisation state of the photon
undergoes a random rotation U(∆φk). Then, the unitary
rotation U(−αk), followed by the projection onto the state
|H〉 〈H| and by a proper counter-rotation U(βk), realises the
selective measurement Π defined in Eq. (3).
In the k-th block (Fig. 1, k = 1, ..., N), the state of the
photon is rotated by the operator U(∆φk), representing
a random polarisation rotation in the x-z plane of the
Bloch sphere (i.e. a σ̂y Pauli-matrix rotation around the
y-axis):
U(∆φk) = e
−iσ̂y∆φk = I cos ∆φk − iσ̂y sin ∆φk, (2)
Here I denotes the two-dimensional identity matrix,
U(∆φ) describes a rotation by 2∆φ on the Bloch sphere,
which corresponds to a rotation by the angle ∆φ of the
photon linear polarisation.
By passing through a sequence of N distinct blocks,
the horizontal (|H〉) and vertical (|V 〉) polarisation states
of the photon evolve as the degenerate states of a two-
level system coupled by intermittent polarisation rota-
tions. These rotations are interspersed by an equivalent
number of selective measurements. More specifically, in
each of the N blocks the photon state undergoes a quan-
tum measurement that corresponds to partial or com-
plete absorption of the vertical polarisation component
(or, equivalently, to partial projection on the horizontal
polarisation state), i.e.:
Π = |H〉 〈H|+ θ |V 〉 〈V | = θI + (1− θ) |H〉 〈H| , (3)
where θ ∈ [0, 1] is the parameter determining the mea-
surement selective strength. The quantum measurement
in Eq. (3) can be realised exploiting the polarisation ro-
tation U(−αk), followed by the projection |H〉 〈H| and
the second polarisation rotation U(βk). More specifically,
U(−αk) determines the selective strength of the measure-
ment Π, while U(βk) fixes the polarisation of the photon
exiting the k-th block.





|H〉. Since the sequence
∆φ1, . . . ,∆φN is random, because of the external noise
process, we are interested in the survival probability of
the horizontal polarisation, averaged over all possible
random sequences:
P̄H(tk) = | 〈H|ψ(tk)〉 |2, (4)
where the averaging operation is denoted by the overline.
Let us consider the case in which positive (or negative)
polarisation rotation jumps with identical magnitude oc-
cur in the block sequence, i.e. |∆φk| = ∆φ ∀k = 1, ..., N .
Then, we can introduce the correlation parameter C, de-
scribing the degree of correlation between consecutive po-
larisation rotation jumps. It is defined as
∆φ∆φ′ = p∆φ
′ − (1− p)∆φ′ = C∆φ′, (5)
where ∆φ∆φ′ is the average polarisation rotation jump at
the end of the k-th block (provided the previous jump was
∆φ′) and p denotes the correlation probability between
subsequent jumps. Thus, C = 2p−1, such that the jumps
are correlated for C > 0 (p > 0.5), anti-correlated for
C < 0 (p < 0.5), and uncorrelated for C = 0 (p = 0.5).
A universal closed-form solution for the average survival
probability in Eq. (4) is not available. However, in the
following subsections an analytical description of all the
cases of interest will be given.
A. Non-random evolution
In the maximally-correlated case C = 1, the time de-
pendence of the survival probability P̄H(tk) is the same
as for the non-random evolution with identical polari-
sation rotation jumps ∆φ or (−∆φ) in each block. In
particular, as proven in [26], the probability of observing
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the photon with a horizontal polarisation assumes the
following closed form for any θ:
P̄H(tk) =
[λk+(cos ∆φ− λ−) + λk−(λ+ − cos ∆φ)]2
(1 + θ)2 cos2 ∆φ− 4θ
, (6)
where λ± ≡ 12
[
(1 + θ) cos ∆φ±
√
(1 + θ)2 cos2 ∆φ− 4θ
]
.
In the absence of measurements (θ = 1), one gets
P̄H(tk) = cos
2(k∆φ), which is analogous to Rabi
oscillations of the horizontal polarisation probability
as a function of the number of blocks (k) traversed by
the photon. The opposite limit θ = 0 corresponds to
the projective measurement case. These measurements
are selective, since each time the single photon passes
through one of the blocks depicted in Fig. 1 a projection
of its polarisation state onto the horizontal polarisation
occurs. In this case, P̄H(tk) = cos
2k(∆φ), which
is insensitive to sign fluctuations of the polarisation
rotation jumps and hence is the same for random
and non-random evolution. Thus, it takes the form
P̄H(tk) = e
−k(∆φ)2 for small rotation angles (∆φ  1).
This decay is slower than the period of uninterrupted
Rabi oscillations, thus implying that QZE occurs.
Next, let us consider non-random evolution in the in-
termediate case 0 < θ < 1, corresponding to partially-
selective measurements [47]. For small rotation angles
and sufficiently selective measurements (∆φ  1 − θ),







, where ν ≡ 1−θ1+θ
1
τ and the N blocks are
assumed to be equidistant (i.e. tk = kτ), with τ denoting
the photon flight time between two consecutive blocks.
Note that the quantity ν is the (effective) measure-
ment rate, i.e., the reciprocal time during which partially-
selective measurements perform state selection. Obvi-
ously, ν scales as 1/τ , and decreases as the selective
strength parameter θ increases. The decay rate dimin-
ishes with ν, highlighting the QZE.
B. Random evolution
Now, let us consider the case of random noisy modula-
tion of the polarisation rotation U(∆φ), both for corre-
lated and anticorrelated noise (−1 ≤ C < 1). In the gen-
eral case of 0 ≤ θ ≤ 1, for small rotation angles ∆φ 1













γ2 + Γ20, with γ ≡ 1+Cθ1−Cθ
∆φ2
τ being the po-
larisation decay rate and Γ0 ≡ − ln θ2τ denoting the time-
averaged rate of photons absorbed by the polarisers.






where γ0 ≡ γ|θ=1. Thus, random fluctuations of the
polarisation lead to a completely unpolarised state, given
by the limit P̄H(t)→ 1/2 for t→∞.
For weakly-selective measurements (θ → 1), in the limit
Γ0  γ Eq. (7) takes the form
P̄H(tk) ≈ e−γtk , (9)
showing an exponential decay over time of the horizontal
polarisation probability.
Finally, in the scenario involving projective measure-
ments (θ → 0), the evolution of P̄H(tk) follows Eq. (9),
with γ → ∆φ2/τ .
III. EXPERIMENT
In our experimental implementation (Fig. 2), heralded
single photons (at 702 nm) are generated by a type-I
parametric downconversion source. The photons are col-
lected by a single-mode optical fiber and shaped to form
a collimated Gaussian beam (with 2 mm width) over a
2m-long path. A heralded photon, initialized in the hor-
izontal polarisation state |H〉, traverses N = 7 stages,
reproducing the dynamics of the sequence of blocks de-
picted in Fig. 1. Each stage is composed of a half-wave
plate (HWP) and a polariser. In the k-th stage, the HWP
is responsible for the combined effect of the global rota-
tion U(αk)U(∆φk)U(βk−1). The polariser, instead, re-
alises the projector |H〉〈H|. These stages, combined in
a sequence, reproduce the evolution of a single photon
passing through the N = 7 blocks. Each of them induces
a random photon polarisation rotation ±∆φ (selected by
a random number generator) and realizes the (partially-
) selective measurement Π in (3). We choose the po-
larisation rotation jumps such that they have modulus
∆φ = 4◦. Each jump in the sequence is set to be equal
(correlated case) to the one in the previous block with
probability p = C+12 , and opposite (anti-correlated case)
with probability 1− p. At the end of the sequence, only
a horizontally-polarised photon is detected.
We have three possible handles on the photon detec-
tion probability: (i) the parameter θ, determining the
selective strength of the measurement Π in Eq. (3); (ii)
the correlation coefficient C); (iii) the amplitude ∆φ of
the polarisation rotation jumps. In the experiments we
have investigated three cases, C = −0.6, 0 and 0.4, whilst
varying θ and keeping ∆φ fixed. For each value of C, upon
initializing the photon in the horizontal polarisation state
|H〉, we have measured the single-photon detection prob-
abilities and standard deviations (uncertainties) of 100
random sequences of N = 7 polarisation rotation jumps.
The results show that the photon detection probability
decays exponentially with the block index k.
Note that the measurement selective strength de-
creases as θ increases. Thus, Fig. 3 presents the behavior
of the photon detection probability with time (i.e., with
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FIG. 2. A heralded single-photon source, exploiting type-
I parametric downconversion in a LiIO3 crystal, is used to
produce single photons at 702 nm. The photons are col-
lected in a single-mode optical fiber, and then collimated
in a 2 mm width Gaussian beam with negligible divergence
within the experiment optical path (∼ 2 m). A polariser pre-
pares each photon in the horizontal polarisation state. Then,
the photon passes through a series of 7 polarisation rota-
tion/measurement stages. When measurements are involved
(as in the picture), each stage is composed of a half-wave plate
(HWP) and a polariser. In the absence of measurements, a
HWP is the only element present in each block (in this case,
a polariser is put at the end of the sequence to perform the
final projective measurement of the polarisation observable
|H〉〈H|). Afterwards, an interference filter (IF, centered at
702 nm, with 3 nm FWHM) is exploited to remove the envi-
ronmental light; then, the photons are collected by a multi-
mode fibre and detected by a silicon single-photon avalanche
diode (SPAD).
respect to tk) in two different regimes: θ = 0, corre-
sponding to a projective measurement, and θ = 1, i.e.
in the absence of measurement. Fig. 4, instead, shows
the results obtained for an intermediate selective strength
0 < θ < 1, i.e. from the projective measurement limit to
the weakly-selective measurement one. In the case C = 0,
where the jumps are uncorrelated and the stochastic po-
larisation angle is a Markovian process, the measured
probability is independent of θ.
The novel, hitherto unobserved results are that for
C > 0 (C < 0) the QZE (AZE) are revealed, meaning
slowdown (speedup) of the decay compared to the uncor-
related case. By varying θ, one can promote or suppress
both effects [26, 48, 49].
In both Figs. 3 and 4, the obtained results (dots) are
in good agreement, within the experimental uncertain-
ties, with the theoretical predictions (lines).
FIG. 3. Evolution of the average probability P̄H(tk) to detect
a single photon with horizontal polarisation for (anti-) cor-
related consecutive polarisation rotation jumps of magnitude
∆φ = 4◦, as a function of tk, for three different values of the
correlation parameter C (top panel: C = 0.4; central panel:
C = 0; bottom panel: C = −0.6). In each plot, the experi-
mental data are reported for both θ = 1 (no measurement, in
orange) and θ = 0 (projective measurement, in blue), with the
statistical uncertainties evaluated by taking the standard de-
viation of 100 different realisations and the solid lines showing
the theoretical predictions given by Eqs. (8) and (9), respec-
tively. The dashed orange line shows, instead, the numerical
estimations for P̄H(tK), as per Eq. (4), for θ = 1, obtained
by averaging over 100 simulated random sequences of ±∆φ
jumps. The inset plots (red boxes) show the detail of the
experimentally-investigated region tk ∈ [0, 7].
IV. DISCUSSION
We have experimentally investigated the loss of po-
larisation coherence of a single photon subjected to a
stochastic polarisation noise process (polarisation rota-
tion jumps) and, concurrently, to frequent (weakly or
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FIG. 4. Average probability P̄H(t7) to detect a single photon
with horizontal polarisation |H〉 at the end of our protocol,
as a function of the selective strength θ of the measurement
Π. The line represent the theoretical predictions given by
Eq. (7), by imposing τ = 1 and k = 7, while the dots are
the measured values of the probabilities P̄H(t7) for different
θ values. Again, for each experimental point the statistical
uncertainty is evaluated by taking the standard deviation of
the 100 different realisations results.
strongly) selective quantum measurements. We have
demonstrated that the polarisation decays at a rate that
depends on the non-Markovian correlations within the
noise.
More specifically, the key feature revealed by the exper-
iment is the dependence of the decay rate on the correla-
tion parameter: correlated consecutive polarisation rota-
tion jumps give rise to decay slowdown of the decay rate
(the QZE), while anti-correlated ones to its speedup (the
AZE). These experimental results fully comply with the
KK universal formula for the decay-rate dependence on
the overlap between the noise and frequent-measurement
spectra [8, 23, 24, 28–30].
This demonstration enables the use of single parti-
cles, particularly single photons, as hitherto unexplored
probes of noise correlations. As shown above, a limited
number (here, 100) of single-photon polarisation coher-
ence loss events in a noisy medium probed by a few (here,
N = 7) (partially-)selective measurements suffice to re-
veal unequivocally the noise correlation characteristics.
Characterizing noise, in particular in non-Markovian
processes [50–52], is a very important tool for several
quantum technologies. Furthermore, such probing of the
noise may find several fascinating, novel applications. To
this end, the present scheme may be modified by inserting
a fluctuating birefringent medium between two consecu-
tive partially-selective measurements [25], thereby allow-
ing the sensing [41–43] of the polarisation noise spectrum
associated with a propagating photon. Among the envis-
aged applications of the proposed noise sensing method
we may contemplate the following:
1) Probing of magnetic field fluctuations: Magnetic
field fluctuations can be translated into photon polari-
sation fluctuations through the Faraday effect [53–56].
The ability to probe such fluctuations by measurements
on a single photon may be used to explore the magnetic
birefringence of the vacuum [57], the parity violation in
atoms [58] and the calibration of weak magnetic noise
[59].
2) Probing of physiological processes: Polarisation mi-
croscopy of birefringent cholesterol crystals in human bi-
ological (synovial, pleural and pericardial) fluids is an
important diagnostic tool of rheumatoid diseases [60–63]
and atherosclerosis [64]. An intriguing, hitherto unex-
plored question is: can spatial or temporal fluctuations
in the concentration of cholesterol crystals in biological
fluids and tissues be a novel source of diagnostic infor-
mation on these diseases? The ability of single-photon
probes to reveal correlations in such fluctuations might
be explored by resorting to the results presented here.
To conclude, we have experimentally established the
possibility of probing correlations in random fluctuations
of photon polarisation by observing QZE and AZE in the
polarisation evolution. Our sensing procedure involves
single photons, resulting in a conceptual paradigm shift
with respect to interferometric measurements [65, 66].
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Appendix: Dynamical evolution of the photon
polarisation
Let us analyse in more detail the effects of having noisy
modulation of the polarisation rotator. In the case of
random evolution (−1 ≤ C < 1), for sufficiently small
angles ∆φ, a master equation (ME) can be derived for
the evolution of the polarisation probabilities averaged
over the realizations of the random process and smoothed
over the evolution time [26]. This ME yields the following
rate equations for the average probabilities of the two
orthogonal polarisations:
˙̄PH = −γP̄H + γP̄V ,
˙̄PV = γP̄H − (γ + 2Γ0)P̄V . (A.1)
Here, 2Γ0 is the time-averaged photon absorption rate,
with
Γ0 = − ln θ/τ, (A.2)







The solution of Eqs. (A.1) for the horizontal compo-












γ2 + Γ20. This solution describes the po-
larisation at the discrete time instants tk. The validity
condition for Eqs. (A.1)-(A.4) is γ  ν, or [26]
〈(∆φk)2〉  (1− C)(1− Cθ), (A.5)
i.e., the polarisation rotation jumps distribution variance
should be sufficiently small, and C should not be too close
to 1.
Polarisation decay rate under random evolution and
measurements
The polarisation decay rate obeys the universal for-
mula (1), but applied to the discrete-time evolution case










1 + C2 − 2C cosωτ
(A.7)
is the spectral density associated with the rotation-angle
fluctuations (also called “bath” or “reservoir” spectrum),





1 + θ2 − 2θ cosωτ
(A.8)
strictly depends on the transmittance parameter θ. Once
again, it is worth noting that, in the present setup, the
frequency domain for G(ω) and F (ω) is restricted to the
interval (−π/τ, π/τ), since the time evolution is discrete.
Fig. 5a shows the behavior of G(ω) as a function of ω and
the correlation coefficient C, with Fig. 5b illustrating in
detail the maximally correlated (in blue), anticorrelated
(in red) and white noise (in magenta) cases, while Fig. 5c
shows the dependence of F (ω) on ω and the measurement
selective strength θ. In the figure, both G(ω) and F (ω)
have been plotted for ∆φ = 4◦, as in our experimental
implementation, and τ = 0.05).








i.e. G(ω) can be approximated by a narrow Lorentzian
of width ΓB = (1−C)/τ . In Fig. 5a one can observe how,
for partly correlated random polarisation rotation jumps
(0 < C < 1), the peak shown by G(ω) at ω = 0 decreases
with C, becoming also broader in the process.
For projective measurements (θ = 0), F (ω) acquires the
constant value τ/(2π), whereas for θ 6= 0 F (ω) shows a
peaked distribution centered at ω = 0, with a charac-
teristic width ν = [2πF (0)]−1. This indicates that the
presence of projective measurements causes a reduction
of the γ value, which is a signature of the QZE. How-
ever, the QZE signature disappears in the uncorrelated
case C = 0, which corresponds to a flat spectral density
G(ω) = ∆φ2/(2πτ).
For highly anticorrelated jumps (C ≈ −1), instead, the
bath spectrum G(ω) is a sum of two shifted narrow
Lorentzians of width Γ′B = (1 + C)/τ , centered in ω =








2 + (π/τ + kω)2
. (A.10)
In general G(ω) is peaked at ω = ±π/τ for anticorrelated
consecutive polarisation-angle jumps (−1 < C < 0), see
Fig. 5a. Such anticorrelated polarisation rotation jumps
correspond to the AZE trend, whereby γ increases with
the measurement rate ν, as opposed to the QZE trend
that is observed for correlated jumps.
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FIG. 5. Plot (a): spectral density G(ω) of the rotation-angle
fluctuations for ∆φ = 4◦ and τ = 0.05, as a function of ω
and C, for a time-discrete dynamical evolution of the photon
polarisation (see Eq.(A.7)). The maximally correlated (C =
1), white (C = 0) and anticorrelated (C = −1) noise regions
are highlighted in blue, magenta and red, respectively. Plot
(b): detail of the three noise spectral regions highlighted in
plot (a), as a function of the noise frequency ω. Plot (c):
measurement control spectrum F (ω) for ∆φ = 4◦ and τ =
0.05, as a function of ω and θ, again in the time-discrete
evolution case (see Eq.(A.8)).
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